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ABSTRACT: On the basis of time series of the available Google Earth satellite images, dynamic changes of coastal 
morphology due to the 2011 Tohoku tsunami attack and the subsequent recovery process in five representative coasts 
were investigated with respect to both qualitative and quantitative analyses, including the Rikuzentakata coast, the 
Nanakita coast, the Akaiko coast, the Minamisoma coast and the Kido coast from the north to south along the Japanese 
Pacific coast. After the tsunami event, beach restoration process was rather limited in Rikuzentakata coast due to the 
less of sediment supply availability, whereas beach topography almost returned back to its pre-tsunami situation in 
Nanakita coast and Akaiko coast. Nevertheless, significant modification of coastal morphology only occurred at the 
unprotected or structure-broken regions in Minamisoma coast and Kido coast, where the post-tsunami beach recovery 
process was inconspicuous.  
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INTRODUCTION 
On Mar 11 2011, a great Tohoku Earthquake with a 
moment magnitude of Mw=9.0 occurred off Japan‟s 
Miyagi Prefecture. It is the largest earthquake in Japan 
since the advent of modern instrumental recordings, 
which ranks the forth in the world since 1900 (USGS, 
2011). This earthquake triggered a huge and destructive 
tsunami with a maximum run-up height around 40 m 
(Tohuko Earthquake Tsunami Joint Survey Group, 
TETJSG, 2012) propagating all around the Pacific Ocean, 
which caused severe damages to the Japan Pacific coast, 
as well as coastal areas rather far away from the 
earthquake epicenter (Allan et al., 2012; Borrero et al., 
2012).  
Following the tsunami attack, significant 
modification on the corresponding coastal zone 
morphology occurred, regarding both the subaerial 
topography and the subaqueous bathymetry. Impacts of 
the tsunami on coastal morphological evolution have 
been conducted with respect to both short- and long-term 
viewpoints (Choowong et al., 2009; Goto et al., 2011). 
These studies indicate that the tsunami waves modify the 
seabed bathymetry remarkably, especially in the wave 
breaking region. The tsunami uprush process can 
transport plenty of sediments to the onshore direction 
and deposit them landward. Meanwhile, the downwash 
process may also carry significant amounts of sediments 
into the deep ocean owing to the large gravity-driven 
return flow velocity within the flowing route, which is 
generally along the low-lying ground. Fritz et al. (2012) 
estimated the 2011 Tohoku tsunami outflow velocity can 
be as large as 11 m/s at the Kesennuma bay.  
Now, more than two years have passed since the 
catastrophic disaster. In this study, revisiting several 
typical tsunami-affected areas was conducted on the 
basis of the time series of the satellite images recorded 
before and after the tsunami events (from Google Earth). 
The morphological changes due to the tsunami attack 
and the subsequent recovery process in these target areas 
were investigated with respect to both qualitative and 
quantitative analyses. Various restoration features were 
observed at different coasts caused by the local physical 
characteristics, such as the hydrodynamic conditions, 
sediment properties and the sand supply abilities.  
 
RESEARCH AREA 
Five coastal areas were targeted in this study as 
shown in Fig. 1, including the Rikuzentakata coast, the 
Nanakita coast, the Akaiko coast, the Minamisoma coast 
and the Kido coast from the north to south. General 
characteristics of these five areas are summarized in 
Table 1, including the measured local tsunami heights 
(TETJSG, 2012), the adjacent river information, with or 
without coastal structures, local geology, land subsidence 
(from Geospatial Information Authority of Japan) and 
available number of the Google Earth satellite images.  
Rikuzentakata coast, in the south of Iwate Prefecture, 
is located at the head of U-shaped Hirota bay, which is 
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Table 1 Characteristics of the five research areas 
Area 
Tsunami 
height 
Adjacent 
River 
Structure 
Local 
geology 
Land 
subsidence 
Available 
images 
Rikuzentakata ~15 m Kesen R. None 
U-shaped 
bay head 
~0.65 m 9 
Nanakita ~9 m Nanakita R. 
One jetty at river 
mouth 
Sendai 
plain 
~0.25 m 11 
Akaiko ~10 m 
Old drainage 
channel 
None 
Sendai 
plain 
~ 0.23 m 11 
Minamisoma ~ 8 m Oota R. 
Seawall, Jetty, 
Breakwaters 
Hilly coast ~0.38 m 7 
Kido ~ 8 m Kido R. 
Seawall, 
Breakwaters 
Hilly coast ~0.53 m 4 
 
part of the Sanriku coast, a typical ria-type coast. 
Nanakita coast is located south of the Sendai Port at the 
Nanakita River estuary. A jetty is constructed on the left 
hand side of the river mouth. Akaiko coast is located 
along the Sendai plain, which is a natural coast without 
any coast-protection structures. Minamisoma coast is 
located in the north of the Fukushima Prefecture. The 
Oota river mouth is fixed with two jetties and the 
neighbouring coast is protected by various structures, 
e.g., seawalls and breakwaters. Kido coast is located in 
the middle of the Fukushima Prefecture. Similar to the 
Minamisoma coast, its surrounding coast is also 
protected by various structures although there are no 
jetties installed at the Kido river mouth. 
Quantitative analyses on coastal beach area were 
conducted based on the extracted shoreline profiles from 
the time series of the available satellite images at each 
location. Morphology change due to earthquake-induced 
land subsidence and daily tidal effect was not considered 
in this study. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 1 Five target areas in this study. 
 
COASTAL MORPHOLOGY TRANSFORMATION 
AFTER THE TSUNAMI EVENT 
 
Rikuzentakata Coast 
Fig. 2 is a series of satellite images showing the 
coastal morphology before and after the 2011 tsunami, as 
well as the recovery process on Rikuzentakata area until 
Jun 28, 2012. The Rikuzentakata beach sand is 
contributed from the Kesen River discharge, whose river 
mouth is located on the west of this coast. Before the 
tsunami attack, there was a 2-km longshore pine tree 
forest planted along the beach as a coastal barrier to 
protect the leeside land area from storm waves (Fig. 2a). 
Behind the pine forest, the Furukawa lagoon is located. 
Immediately after the tsunami, this region was almost 
wiped off from the image (Fig. 2b). Detailed post-
tsunami field survey in this area can be found in Liu et al. 
(2012). Most of the land area between the Hitora Bay 
and Furukawa lagoon was eroded, partially due to the 
land subsidence which is about 0.65 m in this area. All 
pine trees were washed out except one, which was 
recognized as a national restoration symbol after the 
event (unfortunately died recently). After the tsunami 
event, the beach recovery is rather limited in this area. 
This trend is the same as the one occurred at the 
Kitakami estuary as reported by Tanaka et al. (2012). 
These two areas are both located along the ria-type 
Sanriku coast characterized with U-/V-shaped bays 
bounded by rocky cliffs, from which the sand supply is 
almost zero. The dominant sediment source could be the 
river supply in Rikuzentakata coast, whose amount 
however is insignificant judging from the installation of 
three submerged breakwaters as illustrated in Fig. 2(e) 
(countermeasure against the local erosion problem). 
Cross-shore sediment transport is the prevailing 
nearshore sand movement pattern here, which anyway is 
weak in the bay head region due to the filtered wave 
climate. All these factors demonstrate the possible reason 
for a slow recovery process in Rikuzentakata coast area. 
The temporal variation of Rikuzentakata beach area 
is presented in Fig. 3 on the basis of all nine available 
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satellite images recorded pre- and post-tsunami event. 
The area estimation is carried out on the basis of one 
coastal road and two cross-shore transects as indicated 
by yellow lines in Fig. 2(a). More than 3×105 m2 coastal 
land was lost after the tsunami event. Although certain 
land recovery was confirmed right after the event and 
within the following one month (~3.15×104 m2), a 
general erosion trend was observed in a long-term scale. 
In 2012, the beach area is only about 2.5×105 m2, which 
is about 40% of the one before the event.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 2 Coastal morphology changes at Rikuzentakata 
coast after the 2011 tsunami. (The red line indicates the 
shoreline position on Jul 23, 2010) 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 3 Temporal variation of the specified Rikuzentakata 
beach area before and  after the tsunami event. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 4 Coastal morphology changes at Nanakita coast 
after the 2011 tsunami. (The blue line indicates the 
shoreline position on Apr 4, 2010) 
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Fig. 5 Temporal variation of the Nanakita beach area. „-
□-‟ is for beach area south the river mouth, „-*-‟ is for 
area south the river mouth, and „-o-‟ is for total area. 
 
 
Nanakita Coast 
Fig. 4 shows the time series of the coastal 
morphology variation at the Nanakita estuary. A training 
jetty was constructed on the left hand side of the river 
mouth to fix the river route. Gamo Lagoon is located 
behind the sand spit on the left side of the river mouth, 
which was formed along the old river route. Owing to the 
little river discharge and severe wave climate, complete 
closure of the Nanakita river mouth was observed 
previously. This area was also investigated by Tanaka et 
al. (2012). They used aerial photographs till Sep 2011 to 
study the post-tsunami beach recovery process.  
Immediately after the tsunami event, serious erosion 
occurred along the sand spit on the left of the river mouth 
causing multiple breaches (Fig. 4b). Different from the 
Rikuzentakata case (no sand deposition in the Fukukawa 
Lagoon after the tsunami), large amounts of sediments 
were deposited into the Gamo Lagoon by tsunami. The 
morphologic change on the right hand side of the river 
mouth is not as severe as the left hand side. The small 
river mouth spit was washed away after the event. Two 
months later, clear erosion was confirmed on the right 
hand side of the river mouth (Fig. 4c). At the same time, 
a new sand spit was formed further upstream. This may 
be ascribed to the deepening and widening of the river 
mouth after tsunami, which makes the wave penetrating 
into the river easier. In Feb 2012, the river mouth shifted 
northward (Fig. 4d). This is caused by the longshore sand 
movement, whose direction is from south to north in this 
region. Since the training jetty was broken during the 
tsunami attack (Fig. 4b), there is no limitation for sand 
moving northward after the event. Sand dredging and 
jetty repair were conducted in Feb, 2012 (Fig. 4d) to 
restore the pre-tsunami river mouth situation. Afterwards, 
the river mouth was artificially returned back to its 
original location (Fig. 4e). Besides the sand spit at the 
right side of the river mouth, the submerged inland sand 
spit, generated in the period of Fig. 4(c), can also be 
observed in Fig. 4(e), forming a double-spit system. In 
Aug, 2012, this upstream sand spit was washed away 
(Fig. 4f). Fig. 4(f) illustrates that significant beach 
erosion (~ 70 m) occurred at that time comparing to the 
pre-tsunami shoreline position.  
Fig. 5 presents the temporal variation of the beach 
area estimated within the coastal structures and two 
cross-shore transects as indicated using yellow lines in 
Fig. 4(a). Right after the tsunami event, there is no 
significant change on the beach area located south of the 
river mouth. Afterwards, an increase of beach area by 
8.4×104 m2 was confirmed between May 2011 and Feb 
2012, which is ascribed to the northward extension of the 
river mouth sand spit from the longshore sand movement. 
In terms of the quantitative value, beach area in this 
region reduced to its pre-tsunami situation after the jetty 
repair. Nevertheless, Fig. 4(f) demonstrates there exist 
sand loss along the beach facing ocean and sand gain 
with a similar amount at the sand spit area. The beach 
area reduction in river south region is only 4.3×103 m2. 
Considering the beach area left of the river mouth, a 
significant reduction of beach area right after the tsunami 
may be caused by the tidal influence since the 
corresponding subaqueous region is rather shallow. 
Accompanying with the northward extension of the river 
mouth sand spit, reduction of the river-north beach area 
is observed (no clear change on the total beach area in 
this period), and then this area increased due to the jetty 
repair. Till Aug 2012, beach area loss in the river mouth 
north region is 2.5×104 m2, mainly from the shore face 
which is not directly related to the 2011 tsunami impact.  
 
Akaiko Coast 
Fig. 6 is the time series of satellite images showing 
the breaching and restoration processes at Akaiko coast. 
The inland lagoon used to be connected to the sea by a 
drainage channel, but it was completely separated from 
the sea due to the sediment intrusion induced by 
predominant longshore sand movement (Tanaka et al., 
2012). Shortage of pine trees in front of the lagoon was 
due to the extreme river flood in 1950 (Fig. 6a). 
Right after the tsunami, beach breaching occurred 
along the ancient drainage channel, whereas beach 
erosion at other locations was relatively mild with 
selective erosion distributing alongshore and forming 
beach cusps (Fig. 6b). Subsequently, the recovery 
process underwent, especially at the breaching location. 
Tanaka et al. (2012) claimed this recovery process was 
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Fig. 6 Coastal morphology changes at Akaiko coast after the 2011 tsunami. (The blue line indicates the shoreline 
position on Aug 14, 2009) 
 
driven by the longshore sediment movement (from south 
to north direction). However, in Figs. 6(c) and (d), it is 
observed that beach accretion indeed occurred at both 
ends of the remaining beach tips. The accretion speed on 
the south side seemed to be a little bit faster, which may 
be ascribed to the effect from the longshore sand 
transport. In image recorded on Apr 6, 2011 (less than 
one month after the event), the breached sand beaches 
was reconnected. Beach extension from both sides can be 
easily confirmed in Fig. 6(e). Therefore, the recovery 
process at Akaiko coast is mainly driven by the cross-
shore sand movement with partial influence from 
longshore sand transport. In Fig. 6(f), beach accretion 
went further seaward. An asymmetric concave beach 
shape indicates the influence from the northward 
longshore sand movement. A relatively low elevation of 
the restored beach area is demonstrated since frequently 
wave overtopping can be identified from the satellite 
image. Overtopping-induced sand deposition (cross-
shore sand movement) separated the original lagoon into 
two isolated parts. Afterward, sand bags were used as 
artificial seawalls and installed along the coast and the 
south lagoon (Figs. 6g, h). In Fig. 6(g), fully recovery of 
the breached region can be observed. Beach erosion in 
this region was confirmed owing to the severe winter 
wave climate. In Apr 2012 (Fig. 6h), normal beach 
accretion/recovery after the winter erosion (Fig. 6g) can 
be observed. Clear impact from the wave overtopping 
can also be confirmed in Fig. 6(h). 
To facilitate the quantitative analyses of the beach 
area temporal variation, the Akaiko coast is divided into 
6 subareas, i.e., regions A, B, C, D, E and F as illustrated 
in Fig. 6(a).  Fig. 7 shows the corresponding result.  
Beach area change in the middle region (Regions C and 
D) is the most significant, which leads to the 
modification of the total beach area in this region (about 
96% of the total beach erosion immediately after the 
tsunami, in which 53.8% from Region C and 42.2% from 
Region D). Temporal changes in Regions B and F are 
rather limited since they are located inland. One year 
a. 20090814 b. 20110312
c. 20110324 d. 20110327
e. 20110406 f. 20110503
g. 20120203 h. 20120410
N
250 m
A
B
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after the event, the total beach area in Akaiko coast is 
almost the same as the pre-tsunami one. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 7 Temporal variation of the Akaiko beach area. „…
+…‟ is for Area A, „--+--‟ is for Area B, „-+-‟ is for Area 
A+B; „…*…‟ is for Area C, „--*--‟ is for Area D, „-*-‟ is 
for Area C+D; „…□…‟ is for Area E, „--□--‟ is for Area 
F, „-□-‟ is for Area E+F; „-o-‟ is for total beach area. 
  
 
Minamisoma Coast 
Fig. 8 shows the comparison of four representative 
shoreline profiles at Minamisoma coast pre- and post-
2011 tsunami. The profiles are drawn around the Oota 
River mouth. The background satellite image is recorded 
on Mar 13, 2011. There is a shore-parallel channel with a 
water gate setting near the river mouth before the 
tsunami attack. Various coastal structures were 
constructed in the area, e.g., two jetties at the river mouth 
and seawalls, breakwaters, headlands along the shoreline, 
which indicate an erosional trend in this region. Before 
the tsunami attack, this area was protected by these 
structures. Most of breakwaters setting on the right side 
of the Oota River mouth were broken during the tsunami 
and dramatic land loss was observed right after the event, 
which led to a directional “communication” between the 
channel and the open sea. Several remaining breakwaters 
resulted in some post-tsunami isolated islands. Structures 
on the left of the river mouth were intact. As a result, 
there is no significant change on the relevant beach area 
before and after the event.  
Similar to the above approach, the Minamisoma 
coastal was divided into 3 subareas, i.e., areas A (river 
left), B (channel left) and C (channel right) as shown in 
Fig. 8. Temporal variation of each subarea before and 
after the 2011 tsunami, as well as the total beach area, is 
illustrated in Fig. 9. There is no clear modification on the 
beach area in Regions A and B. Region A is protected by 
coastal structures and Region B is located inland. 
Significant land area reduction on the Region C (about 
6.5×104 m2) is confirmed mainly due to the land loss 
south of the channel, which did not recovery after the 
event. Consequently, the total beach area change is in 
consistent with the change occurred in Region C. 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 8 Comparison of four representative shoreline 
positions at the Minamisoma coast after the 2011 
tsunami. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 9 Temporal variation of the Minamisoma beach area. 
„-+-‟ is for Area A, „-□-‟ is for Area B, „-*-‟ is for Area 
C, and „-o-‟ is for the total area. 
 
 
 
 
 
 
 
 
 
 
 
Fig. 10 Comparison of four representative shoreline 
positions at the Kido coast after the 2011 tsunami. 
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Fig. 11 Temporal variation of the Kido beach area. „-+-‟ 
is for area north of the Kido river mouth, „-□-‟ is for area 
south of the river mouth, and „-o-‟ is for the total area. 
 
 
Kido Coast 
Fig. 10 shows the comparison of four typical 
shoreline profiles at Kido coast before and after the 2011 
tsunami. The background satellite image is recorded on 
Mar 12, 2011. There were no training jetties at the Kido 
River mouth, but seawalls were constructed on the left 
side of the river mouth and detached breakwaters, 
together with several headlands, were set up on the right 
hand side. Before the tsunami attack, there was a sand 
spit located on the left side of the river mouth. This sand 
spit was completely washed away during the tsunami. 
One year after the event, a new sand spit was formed. 
Nevertheless, this new sand spit is relocated on the right 
side of the river mouth, opposite to its pre-tsunami 
position. Away from the river mouth, there is no 
significant modification on the beach topography owing 
to the robust coastal structures.  
Quantitative discussion is illustrated in Fig. 11. As 
for the beach area north of the Kido River, sudden 
reduction of the area after the tsunami comes from the 
loss of the sand spit. Decrease of the beach area south of 
the river mouth after the tsunami may induced by the 
tidal influence. Increase of the south beach area is due to 
the generation of the sand spit as shown in Fig. 10. 
Variation of the total beach area is limited here mainly 
due to the restriction by structures. 
 
 
CONCLUSION 
On the basis of time series of the available Google 
Earth satellite images, dynamic changes of coastal 
morphology due to the tsunami attack and the subsequent 
recovery process in five representative Japanese Pacific 
coasts were investigated in terms of both qualitative and 
quantitative viewpoints. Main conclusions are drawn as 
follows, 
1. As for the sediment-starving coast locating at the 
bay head, e.g., Rikuzentakata coast, the beach 
restoration process is rather limited due to the 
less of sediment supply availability. One year 
after the event, the relevant beach area only 
accounts for 40% of the pre-tsunami situation. 
2. As for non-structured coasts along the Sendai 
plain, e.g., Nanakita coast and Akaiko coast, 
beach morphology change due to the tsunami 
impact was generally restored within the 
research period. Inland immigration of the sand 
spit at the Nanakita estuary was observed after 
the tsunami attack, which is ascribed to the 
deepening and widening of the river mouth after 
tsunami. Morphological change mainly occurred 
along the old drainage channel at Akaiko coast 
(breaching and reconnection). The recovery 
process at Akaiko coast is mainly driven by the 
cross-shore sand movement (including wave 
overtopping-induced landward sand deposition) 
with partial influence from the longshore sand 
transport.  
3. Considering the structured coasts, e.g., 
Minamisoma coast and Kido coast, 
morphological change is significant only at the 
unprotected or structure-broken regions. 
Nevertheless, post-tsunami beach recovery in 
these two coasts is finite demonstrating the 
locally erosive beach property (judging from the 
construction of various coastal structures) since 
little sediment could be supplied.  
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